Posttranslational protein modifications influence a number of immunologic responses ranging from intracellular signaling to protein processing and presentation. One such modification, termed isoaspartyl (isoAsp), is the spontaneous nonenzymatic modification of aspartic acid residues occurring at physiologic pH and temperature. In this study, we have examined the intracellular levels of isoAsp residues in self-proteins from MRL ؉/؉ , MRL/lpr, and NZB/W F 1 mouse strains compared with nonautoimmune B10.BR mice. In contrast to control B10.BR or NZB/W mice, the isoAsp content in MRL autoimmune mice increased and accumulated with age in erythrocytes, brain, kidney, and T lymphocytes. Moreover, T cells that hyperproliferate to antigenic stimulation in MRL mice also have elevated intracellular isoAsp protein content. Protein L-isoaspartate O-methyltransferase activity, a repair enzyme for isoAsp residues in vivo, remains stable with age in all strains of mice. These studies demonstrate a role for the accumulation of intracellular isoAsp proteins associated with T cell proliferative defects of MRL autoimmune mice.
M
any posttranslational modifications of cellular proteins are often critical to their biologic functions. Some modifications can significantly compromise the biologic function of proteins and cellular metabolism. Moreover, we and others have shown that modifications also alter the immunogenicity of such proteins and peptides and create new self-Ags, which induce autoimmune responses and/or tissue pathology (1, 2) . Indeed, a number of posttranslational modifications are associated with autoimmune disease. For example, hydroxylation and glycosylation of type II collagen can generate T cell determinants that are specifically recognized by distinct T cell subsets in rodent models of arthritis (3, 4) . Human myelin basic protein, an autoantigen in multiple sclerosis, has been shown (5) to consist of a number of charge isomers generated by deamidation, phosphorylation, methionine sulfoxide, and deimination. Similarly, autoimmune responses characteristic of systemic lupus erythematosus (SLE) 3 can be elicited with an isoaspartyl (isoAsp)-modified form of self-Ag, cytochrome c, and small nuclear ribonucleoprotein particles (snRNP) (6) .
L-Asparagine and L-aspartate are among the most labile amino acids subject to spontaneous degradation reactions. isoAsp formation arises spontaneously from an isomerization of Asp residues or deamidation of Asn residues under physiologic conditions of both pH and temperature (7) (8) (9) (10) (11) . The existence of such abnormal residues can significantly change protein structure and compromise function as has been identified for epidermal growth factor, calmodulin, bacterial phosphocarrier protein (Hpr), Alzheimer's ␤-amyloid protein, prion protein, tissue plasminogen activator, calbindin, and others (12) (13) (14) (15) (16) (17) (18) (19) . To keep the structural and functional integrity of proteins, the widely distributed protein L-isoaspartate Omethyltransferase (PIMT) catalyzes the repair of isoAsp proteins (20) .
The role of isoAsp modifications in SLE was examined in a PIMT-deficient mouse model. It was found that PIMT-deficient mice have 2-to 6-fold higher levels of isoAsp residues in their brain, heart, liver, erythrocytes, thymus, spleen, and lymph nodes than are observed in wild-type tissues (21, 22) . Moreover, wildtype mice reconstituted with PIMT Ϫ/Ϫ bone marrow develop high titers of anti-DNA autoantibodies and kidney pathology typical of that found in SLE (22) . This observation supports the notion that this spontaneous protein modification may be an important feature of lymphocyte function in autoimmunity.
There have been a number of defects described in lymphocytes from patients with SLE. In particular, enhanced TCR/CD3-mediated T cell proliferation was found from patients with SLE (23) and in lupus-prone mice (24, 25) . In an analogous manner, a lower threshold of T cell activation and higher threshold for apoptotic death were found in lupus-prone T cells (25, 26) . Relevant to the present study, nonautoimmune strains of mice deficient in PIMT have hyperreactive T cells virtually identical to those observed in human SLE and in murine lupus models (22) . Taken together, these studies implicate isoAsp modifications in altered functions of lymphocytes in a manner that may affect the expression of disease. The present study was undertaken to identify the roles, whether any, of isoAsp-modified intracellular proteins in a spontaneous murine model of lupus autoimmunity.
Herein, we demonstrate that the amount of isoAsp-modified proteins are significantly higher and accumulate with age in erythrocytes, brain, kidney, and T cells from MRL lupus-prone mice compared with levels observed in normal mice. In contrast, the specific activity of the isoAsp repair enzyme PIMT is similar and remained stable with age in both normal and lupus-prone mice. The levels of isoAsp-modified protein increased dramatically in lupus prone CD4 ϩ T cells that spontaneously activate in vivo or are stimulated with Ag in vitro. No PIMT genetic polymorphisms are evident in lupus-prone vs normal mice that may influence PIMT function in either strain. Taken together, our study identifies an increased production of intracellular isoAsp modifications in lupus-prone animals contributing to the onset of autoimmune B and T cell responses and autoimmune pathology in the MRL model of lupus. , which recognizes the aa 88 -104 of pigeon cytochrome c (PCC 88 -104) were maintained and screened as described previously (27) . All animals were bred and maintained in specific pathogen-free facilities at the Yale Animal Resources Center.
Materials and Methods

Mice
Preparation of mouse tissue homogenates, erythrocyte lysates, and cell lysates
Brain and kidney were removed immediately from sacrificed animals and placed in ice-cold buffer (5 ml/g wet weight) containing 250 mM sucrose, 10 mM Tris-HCl, 1 mM disodium EDTA (pH 7.4), and the protease inhibitor PMSF (25 M) . The tissues were disrupted in a glass homogenization tube and centrifuged at 20,800 ϫ g for 10 min. The resulting supernatant fractions contained both cytosolic proteins and microsomes (21) .
Whole blood (100 -200 l) collected at the indicated time points was combined with 200 l of 2 mg/ml disodium EDTA, 10 mM sodium phosphate, and 137.9 mM sodium chloride (pH 7.4). Pelleted and washed erythrocytes were lysed in 5 volumes of 5 mM sodium phosphate, 1 mM disodium EDTA (pH 7.4), and 25 M PMSF. The lysates were centrifuged in 1.5-ml conical tubes at 20,800 ϫ g for 10 min to remove the membrane ghosts (21) .
Cell lysates were prepared by freezing and thawing cells at a concentration of 2 ϫ 10 8 cells/ml in a buffer consisting of 10 mM sodium phosphate (pH 7.2), 1 mM EDTA, 100 mM NaCl, and 0.2% Triton X-100 as previously described (28) .
Protein assay
A modified Lowry assay was used to determine protein concentrations in the extracts by the DC Protein Assay (Bio-Rad). Samples were assayed in duplicate with BSA as a concentration standard.
Measurement of PIMT activity
Either 30 g (20 l) of brain and kidney extract protein, 40 g of cell lysate, or 0.6 -1 mg of erythrocyte lysate was incubated with 10 l of 5.45 M isoAsp-DSIP (ISOQUANT isoaspartate detection kit; Promega), 10
3 H]S-adenosyl-Lmethionine; 10 -15 Ci/mmol; Amersham Biosciences), and 10 l of 5ϫ reaction buffer (0.5 M sodium phosphate (pH 6.8), 5 mM EGTA, 0.8% Triton X-100, and 0.02% NaN 3 ) at 30°C for 30 min. The enzyme reaction was stopped and the reaction mixture was immediately spotted onto a sponge insert in a scintillation vial cap and incubated with scintillation mixture (Ready-Safe; Beckman Coulter). After incubation, the sponge insert was removed, and the diffused [ 3 H]methanol was measured for radioactivity. The radioactivity of the blank was subtracted from the total for the determination of methyltransferase activity. Specific activity was presented as picomoles of methyl groups transferred to isoAsp-DSIP per minute per milligram of protein. Data represent the average Ϯ SD for at least five individual samples.
Measurement of isoAsp residues
The amount of isoAsp in erythrocyte lysate (each 0.6 -1 mg), tissue extracts (each 30 g), or cell lysates (each 15 g) was measured with a commercial-ISOQUANT isoaspartate detection kit according to the manufacturer's protocol (provided by Promega).
T and B cell purification
Pooled axillary, inguinal, brachial, and popliteal lymph nodes, and spleens from age-matched female mice were used for purification of B cells by positive selection with CD19 microbeads T cells were purified by negative selection using MHC class II and CD11b microbeads in the MACS system (Miltenyi Biotec). The resulting B and T cell populations were Ͼ95% pure as determined by flow cytometry. CD4 ϩ T cells were isolated by negative selection using anti-CD8 (clone 56-6.7), anti-CD45R/B220 (RA3-6B2), anti-CD16/32 (2.4G2), anti-I-E k (14 -4-4S), anti-CD11b (M1-70), anti-␥␦ (GL3) biotinylated Abs (BD Pharmingen), and streptavidin microbeads (Miltenyi Biotec). In some experiments, the purified CD4 ϩ T cells were stained with allophycocyaninconjugated anti-CD4 (RM4-5), FITC-conjugated anti-CD44 (IM7), and PE-conjugated anti-CD62 ligand (CD62L, MEL-14) for sorting the naive (CD44 low CD62L high ), activated (CD44 high CD62L high ), and memory (CD44 high CD62L low ) CD4 ϩ T cells subsets using flow cytometry (FACS Aria; BD Biosciences). Typical purities as determined by sorting were Ͼ98%.
CD4
ϩ T cell proliferation assays Cells were cultured in Click's medium containing 5% FCS, 2 mM L-glutamine, 0.1 mM 2-ME, and antibiotics (100 U/ml penicillin/streptomycin and 50 g/ml gentamicin). In brief, purified CD4 ϩ T cells (2 ϫ 10 5 ) and mitomycin C-treated CH 27 B lymphoblastoid cells (4 ϫ 10 5 ) were plated in 96-well flat-bottom microtiter plates with PCC 88 -104. Cells were incubated for 48 h, after that the cells were pulsed with 1 Ci [ 3 H]thymidine (Valeant Pharmaceuticals) for 18 h before being harvested onto filters with a semiautomatic cell harvester. Radioactivity was counted with a Betaplate liquid scintillation counter (Wallac).
Measurement of homocysteine concentration
The amount of total homocysteine in heparinized plasma was measured with a Homocysteine Microplate Assay kit according to the manufacturer's protocol (Diazyme Laboratories). The assay allows accurate measurement of 2.5-60 M homocysteine from plasma samples.
Statistical analysis
All statistics were performed using a Student's unpaired two-tailed t test. A value of p Ͻ 0.05 was regarded as significant.
Results
Self-proteins are highly isoAsp modified in erythrocytes from lupus-prone mice and accumulate over time in vivo
We have previously (22) demonstrated that T cells from normal strains of mice unable to repair intracellular isoAsp proteins hyperproliferate and elicit lupus-like autoimmunity. To examine the role of isoAsp proteins in spontaneous autoimmune disease, erythrocytes were first used to screen the amounts of isoAsp residues in MRL ϩ/ϩ , MRL/lpr, and NZB/W F 1 lupus-prone mice and in H-2 kmatched B10.BR mice, as a nonautoimmune strain. As shown in Fig. 1A , isoAsp concentrations in 8-to 10-wk-old MRL ϩ/ϩ erythrocytes were significantly enhanced (1.6-fold increase) compared with B10.BR nonautoimmune mice. By comparison, the isoAsp concentration in B10.BR erythrocytes was not only significantly lower but also did not change between the ages of 8 and 22 wk. In contrast, isoAsp levels increased over the same time period in MRL ϩ/ϩ mice. In a similar manner, the isoAsp levels were also higher in MRL/lpr compared with B10.BR mice in the same time span and accumulated over time (Fig. 1A) . Although Fas-mutated MRL/lpr mice exhibit earlier and more severe lupus-like symptoms than Fas-intact MRL ϩ/ϩ mice, the amounts of isoAsp residues were not different between MRL ϩ/ϩ and MRL/lpr mice at any of the time points examined. This observation suggests that isoAsp formation was not affected in the absence or presence of Fas protein, but instead is linked to the expression of lupus autoimmunity.
PIMT enzyme activity in erythrocytes is similar between normal and lupus-prone mice and remains stable over time
It is believed that PIMT-catalyzed carboxyl methylation of isoAsp sites is the major mechanism in either the repair or degradation of damaged self-proteins. It was, therefore, reasonable to assume that altered isoAsp levels in cellular proteins may be due to aberrant repair mechanisms of PIMT in MRL mice. Next, we evaluated the PIMT repair enzyme activity in erythrocytes from B10.BR and lupus-prone mice of different ages. As shown in Fig. 1B , we found no statistically significant difference in PIMT enzyme activity between these strains and at any of the ages examined. Although a trend of increased PIMT activity appears in MRL mice with age, no quantitative significance exists and no reported inducible increases in PIMT activity have ever been described. Therefore, the accumulation of isoAsp proteins in MRL mice was not due to the inability of PIMT to efficiently repair protein modifications. Possibly, the normal PIMT activity cannot keep up with the overproduction or decreased removal of intracellular isoAsp proteins.
In repairing isoAsp proteins, PIMT converts the methyl donor AdoMet to S-adenosylhomocysteine and then to adenosine and homocysteine. Extracellular homocysteine levels in the serum are an indirect reflection of methyl transferase reactions within the cell. Indeed, homocysteine is a known powerful in vivo inhibitor of methyltransferase reactions (29) . Therefore, we next asked whether plasma homocysteine concentrations were altered in lupus-prone mice. As shown in Fig. 2 , the plasma homocysteine concentration was not significantly different between 8-and 10-wk-old B10.BR and MRL ϩ/ϩ or MRL/lpr mice. However, the plasma homocysteine concentration was significantly lower in older lupus-prone mice compared with B10.BR mice. This difference was observed at all ages beyond 14 wk. Therefore, the altered isoAsp levels are not likely due to the inhibition of methyltransferase by elevated levels of homocysteine.
There are three known single nucleotide polymorphisms in the human PIMT gene identified on exons 2, 5, and 7a. One of these polymorphisms results in two major isoforms with either an Ile residue or a Val residue at amino acid position 119 (30) . Analysis of the enzymatic activities of the position 119 variants show that the Ile 119 isoform is associated with higher specific activity and thermostability, whereas the Val 119 isoform is associated with higher substrate affinity (31) . PIMT is a highly conserved protein repair enzyme in both prokaryotes and eukaryotes (32) . However, no detectable polymorphisms or mutations were found in these coding regions from five separate strains of mice, including three normal mice strains (C57BL/6, B10.BR, and B10.A) and two strains of lupus-prone mice (MRL ϩ/ϩ and MRL/lpr; data not shown). This suggested that the increased isoAsp-modified protein content in cells from lupus-prone mice (Fig. 1A) was not due to decreased PIMT enzyme activity (Fig. 1B) , higher content of methyltransferase inhibitor (Fig. 2) , or from PIMT gene polymorphisms within sequences from exons 2, 5, or 7.
Accumulation of isoAsp-modified protein in brain and kidney from older MRL
ϩ/ϩ mice PIMT enzyme activity is highest in testis, brain, and heart with lower activity found in kidney, erythrocytes, and liver (21) . The highest amounts of isoAsp-modified proteins are found in brains of 
PIMT
Ϫ/Ϫ mice (21) . Coincidentally, the kidney is one of the major target organs of autoimmune pathology in SLE. We hypothesized that brain and kidney might be the most sensitive organs for accumulating isoAsp-modified proteins in lupus-prone mice. As shown in Table I , the isoAsp-modified proteins from brain and kidneys accumulated over time in MRL ϩ/ϩ mice. Importantly, there are no apparent differences in brain or kidney isoAsp levels between B10.BR and MRL in aged mice (18 -20 wk) . This observation suggests that simple increases in tissue isoAsp do not reflect the pathology found (or lack of pathology) in these tissues. In a similar manner as observed in erythrocytes (Fig. 1B) , PIMT enzyme activity remained stable in brain and kidney from B10.BR and MRL ϩ/ϩ mice over time (Table I) . SLE is marked by the appearance of autoantibodies to a variety of intracellular macromolecules including nucleosomes, dsDNA, and ribonucleoproteins. Therefore, we next determined whether the existence of antinuclear Abs and anti-snRNP Ab were coincident with the higher levels of isoAsp modifications. Sera from 18-to 20-wk-old MRL ϩ/ϩ mice showed positive antinuclear Ab responses by indirect immunofluorescence and production of anti-snRNP autoantibodies as determined by ELISA (data not shown). 
Accumulation of intracellular isoAsp-modified proteins with age in lupus-prone T cells
Next, we examined the intracellular isoAsp content in purified T and B cells from lupus-prone mice. As illustrated in Fig. 3A , significant differences in intracellular isoAsp were observed beginning at 12 wk of age and at all later time points examined. Levels appeared to plateau at 12-16 wk of age and did not change throughout the life of the animal. There was not a significant difference in the amount of isoAsp residues between Fas-intact MRL ϩ/ϩ T cells and Fas-mutated MRL/lpr T cells. Interestingly, the increase in isoAsp content occurred simultaneously with the presence of spontaneous activation of MRL CD4
ϩ T cells at 12-16 wk of age as previously reported (33) . As found in Fig. 3C , there was no apparent difference in isoAsp modification between lupusprone B cells and normal B cells throughout the course of the study. Finally, PIMT enzyme activity in T and B cells of normal and lupus-prone mice remained stable between 8 and 26 wk of age (Fig. 3, B and D) . However, there is no difference in either isoAsp modification or PIMT enzyme activity in another lupus-prone mouse, NZB/W F 1 , from erythrocytes, brain, kidney, or T cells (Table II) .
Increase of isoAsp-modified proteins upon receptor-mediated or antigenic stimulation of lupus-prone T cells
Given the association of spontaneous T cell activation with the rise in intracellular isoAsp content in vivo, we addressed the question of whether or not the accumulation of intracellular isoAsp in T cells was effected by TCR engagement in vitro. As shown in Fig.  4A , the intracellular isoAsp-modified proteins in stimulated T cells following anti-CD3 and anti-CD28 mAb treatment were not significantly increased compared with unstimulated T cells isolated from young (8 -10 wk) or older (18 -20 wk) B10.BR mice. In contrast, the isoAsp-modified proteins were significantly increased in stimulated MRL/lpr T cells isolated from young or older mice (Fig. 4B) .
T cells were then stimulated by PMA and ionomycin to help distinguish the signaling molecules important in isoAsp-mediated stimulation in MRL/lpr T cells. The amounts of isoAsp-modified proteins were increased in stimulated B10.BR and MRL/lpr T cells by PMA and ionomycin (Fig. 4C) . This result suggests a TCR proximal signaling defect that leads to the increase of isoAsp modification of MRL-prone T cells upon TCR activation.
Vratsanos and colleagues (25) reported that CD4 ϩ T cells from MRL lupus-prone mice have a lower threshold of activation in response to Ag, a feature also found in CD4 ϩ T cells from PIMTdeficient mice (22) . Therefore, we investigated the influence of Ag stimulation of CD4 ϩ T cells isolated from AND-transgenic mice on isoAsp accumulation. MRL ϩ/ϩ .AND and MRL/lpr.AND CD4 ϩ T cells proliferated significantly more than B10.AND CD4 ϩ T cells in response to stimulation with PCC 88 -104 in both young (8 -10 wk) (Fig. 4D ) and in older mice (data not shown). Similar to Fig. 4B , the intracellular isoAsp content was elevated in PCC 88 -104-stimulated lupus-prone transgenic CD4 ϩ T cells compared with unstimulated cells isolated from young (8 -10 wk; data not shown) and old mice (18 -20 wk; Fig. 4E ). Together, the intracellular isoAsp content increases significantly in autoimmuneprone CD4
ϩ T cells stimulated with Ag. Conversely, nonautoimmune prone T cells repair isoAsp modifications efficiently such that increased modifications were not observed.
The increase of isoAsp content occurs in spontaneously activated MRL/lpr CD4 ϩ T cells in vivo
The age-related increase of spontaneous T cell activation is a character in MRL-prone mice (33) . We examined whether the increased isoAsp content in cultured activated MRL-prone T cells also occurred in vivo. As shown in Fig. 5 and Table III ϩ T cells. The lack of significant numbers of spontaneously activated T cells in wild-type B10.BR mice precluded our ability to measure isoAsp content in these populations. As another approach, we first activated T cells from B10.BR mice through their TCRs with anti-CD3 and anti-CD28. Naive, activated, and memory populations were then purified as above with MRL T cells. As illustrated in Table IV , these three populations do not differ in intracellular isoAsp content from B10.BR mice. As discussed below, this observation demonstrates that the process of T cell activation itself does not trigger an increase in isoAsp content. In contrast, it supports the observation that the isoAsp increase is a primary defect in T cell activation in MRL mice.
Discussion
The mechanisms by which most posttranslational protein modifications control and/or influence autoimmune responses are not clearly understood. However, two areas, in particular, include 1) the role of protein modifications in biochemical processing and presentation of Ags and 2) the influence of intracellular posttranslational modifications in lymphocyte development and proliferation. The present study demonstrates that isoAsp protein modification is significantly increased in the cells and tissues of the lupus-prone MRL strain of mice as compared with nonautoimmune mouse strains. The increase in isoAsp modification is coincident with aberrant T cell hyperproliferation, the appearance of systemic autoimmunity, both autoantibodies and T cell autoimmunity, and with lupus pathology. Our data are consistent with the accelerated production of intracellular isoAsp proteins, in that the repair mechanisms using PIMT are normal in lupus-prone mice. isoAsp modifications are common inhabitants of cells and arise at physiologic pH and temperature (reviewed in Refs. 7, 8, and 20) . As extensively reported elsewhere, isoAsp residues are the product of the isomerization of Asp or of the deamidation of Asn within the cell. isoAsp modification occurs most frequently at amino acid sequences bearing Asp-Gly, Asn-Gly, and Asn-Ser and is known to be increased in ageing cells and cells that undergo various forms of stress, such as heat shock.
We found that the amount of intracellular isoAsp proteins did not change significantly in stimulated B10.BR T cells but increased in stimulated MRL-prone T cells by anti-CD3 and anti-CD28 mAb treatment. However, the isoAsp modification was increased in PMA-and ionomycin-treated B10.BR and MRL-prone T cells. Our previous studies (22) in normal mouse strains demonstrated that an inability to repair intracellular isoAsp proteins leads to T cell hyperproliferation through the TCR and lupus-like autoimmunity and PIMT Ϫ/Ϫ T cells proliferated in the same manner as wild-type T cells stimulated with PMA and ionomycin. In anti-CD3-and anti-CD28 mAb-treated PIMT Ϫ/Ϫ T cells, the proximal signaling pathways including MEK1/2, ERK1/2, ribosomal S6 kinase 1, p70 S6K, protein kinase B␣, and protein kinase C␣ were hyperphosphorylated compared with wild-type T cells (22) . Similarly, an altered pattern of phosphorylation in protein tyrosine kinase and ERK has also been described (34, 35) in activated T cells from human lupus patients and MRL mice. Taken together, these observations suggest that proximal signaling defects linked to intracellular isoAsp proteins contribute to T cell hyperproliferation in lupus-prone mice.
We first sought to determine whether aberrant isoAsp modifications inhabit cells and tissues in the MRL mouse. Erythrocytes provide an excellent source of cellular proteins for studying nonenzymatic protein modification because de novo protein biosynthesis does not occur, thereby leading to an inability to replace modified self-proteins (36) . We found that the amounts of isoAsp proteins isolated from lupus-prone mice were significantly higher compared with normal mice beginning at 8 -10 wk of age. isoAspmodified proteins accumulated with age in lupus-prone mice. It was possible that the increase of isoAsp-modified proteins might result from either the higher production of the damaged proteins or the lower activity of the isoAsp-repairing enzyme PIMT in the MRL mice. Our data support the former hypothesis in that the PIMT enzyme activity in all cells examined did not differ between normal and lupus-prone mice. PIMT in lupus-prone cells is fully active and can repair isoAsp-modified proteins, but likely does not keep up with the rapid production and accumulation of isoAspmodified proteins in the cell. In support of this conclusion, other investigators have shown (37, 38) that isoAsp modifications were enhanced in cells under oxidative stress or in UV-irradiated human melanoma M14 cells but PIMT activity remained remarkably stable under these treatments.
PIMT is an active methyltransferase in cells, account for a large portion of AdoMet consumption. Farrar and Clarke (39) have demonstrated that higher levels of AdoMet and lower levels of S-adenosylhomocysteine were found in the brains of PIMT-deficient mice. Consistent with this observation, we have also found that the plasma homocysteine concentration was decreased in PIMT Ϫ/Ϫ mice (data not shown) and in lupus-prone mice. Human SLE is marked by increases in plasma homocysteine, an inhibitor of PIMT and other methyltransferase reactions, which may serve to increase intracellular isoAsp content and lead to alter T cell immune responses (40) . This possibility is presently under study in our laboratory. We did not detect any genetic polymorphisms in PIMT between lupus-prone and normal strains of mice that may explain differences in the specific activity of the enzyme, as has been observed among normal human populations (30, 31) . Finally, we cannot rule out the possibility that the methyl donor for PIMT activity, AdoMet, is limited or altered within MRL cells, thereby altering the repair process of abnormal isoAsp residues.
In both human and murine models of SLE, T cells exhibit hyperresponsiveness to antigenic stimulation (23, 25, 34) . Our laboratory has previously shown that features similar to those seen in murine lupus were found in mice lacking the isoAsp repair enzyme PIMT, notably, T cell hyperproliferation upon TCR stimulation (22) . As a natural extension of these studies, we have now found that intracellular isoAsp-modified proteins were elevated with age in MRL mice. In contrast, isoAsp content was not elevated in lymphocytes or tissues of NZB/W F 1 lupus-prone mice. Also, there is no spontaneous activation of NZB/W F 1 T cells as is found in MRL mice (Fig. 5) .
The age at which elevated isoAsp proteins are found in MRL T cells is coincident with the onset of lupus and with hyperproliferative T lymphocyte functions. isoAsp protein content is greatly elevated until at least 26 wk of age, at which time peak concentrations are maintained throughout the life of the mouse. MRL B cells do not have abnormal accumulations of isoAsp modifications nor do they have known defects in proliferative responses to Ag. These observations indicate that abnormal isoAsp accumulation is not a trait of all hemopoietic cells in MRL mice. Fig. 5 . After sorting by the expression profile of CD44 and CD62L, cell lysates from naive, activated, and memory CD4 ϩ T cells were measured for intracellular isoAsp content. n ϭ 3. The roles of isoAsp-modified proteins are beginning to be appreciated in a number of clinical syndromes. For example, isoAspmodified amyloid protein is known to be a major component in the brain plaques of patients with Alzheimer's disease (41) and isoAsp-modified plasma proteins are increased in uremic patients (42) . As a coincidence, PIMT-deficient mice exhibit severe neurologic disorders that are cured by the repair of isoAsp modifications in the brain (43) .
Although there are many known explanations for the aberrant hyperproliferative T cell response in lupus, this study links the presence of increased intracellular isoAsp formation with the spontaneous expression of lupus autoimmunity. As described earlier, our studies in PIMT-deficient mice display virtually identical T cell proliferative disorders as well as lupus-like autoimmunity. We believe that the abnormal accumulation of intracellular isoAsp protein modification may be one contributing factor to the initiation and/or perpetuation of autoimmune disease. Our future studies intend to examine how increasing the repair processes of this modification may ameliorate or reverse the phenotype of lupus-prone autoimmune lymphocytes in mice and/or humans. a CD4 ϩ T cells were purified from 8-to 10-wk-old B10.BR mice and activated with anti-CD3 and anti-CD28 mAb for 2 days in vitro. Naive, activated, or memory CD4 ϩ T cell populations were purified by FACS using CD44 and CD62L expression patterns and followed by the measurement of intracellular isoAsp content.
